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1 BACKGROUND 
In early-mid September 2010 a fish kill, estimated at thousands of individual fish occurred in 
the Anglesea River estuary.  There were at least nine species were observed to be dead and 
dead fish continued to be found in pulses extending for several weeks after the first recorded 
observations of dead fish in the estuary (Fisheries Victoria, personal communication).  
 
This report aims to assess likely causes of the fish kill and review recent investigations that 
relate to likely causes. 
 
The presence of several monitoring programs in the catchment and estuary, as well as 
specific investigations that followed the fish kill provide substantial information to assess the 
likely cause(s) of the fish kill.  This is supported by substantial data and analysis available 
from a major fish kill in the estuary in September 2000 as well as data and analyses in other 
Deakin University and Barwon Water studies. Data sources referred to are: 
 
Monitoring programs: 
o Alcoa of Anglesea water quality monitoring as part of their EPA licensing 
requirements.(http://www.epa.vic.gov.au/bus/licences/licences.asp) 
o Barwon Water catchment monitoring associated with the conditions of the bulk 
entitlement for the Anglesea borefield. 
(http://www.waterregister.vic.gov.au/Public/Reports/BulkEntitlements.aspx) 
o Corangamite CMA/Surfcoast Shire water monitoring associated with entrance 
openings 
o Deakin University estuary monitoring as part of research projects 
o EstuaryWatch monitoring to track and understand estuarine processes 
(www.estuarywatch.com.au/) 
 
o 
Investigations following the fish kill: 
o 
Corangamite CMA: water quality measurements 
o 
Department of Primary Industries: pathology and metals analyses of fish; fish survey 
of Anglesea estuary after the beginning of the fish kill 
o 
Environment Protection Authority: water quality measurements 
 
Surfcoast Shire: water quality measurements 
  
Other studies of the estuary and catchment are listed at the end of this report.  
  
2 CAUSES OF THE ANGLESEA ESTUARY FISH KILLS 
Mass mortalities of fish in estuaries can be caused by several factors, either singly or in 
combination.  Such factors include: 
• depletion of dissolved oxygen 
• disease 
• fishing discards (often mistaken for fish kills) 
• high levels of sediment clogging gills 
• natural mass mortalities (eg post-spawning) 
• pH stress 
• salinity stress 
• temperature stress 
• toxic effects (including spills and a range of natural events, including algal blooms) 
 
The most likely direct factors contributing to the recent fish deaths in the Anglesea River 
estuary are pH stress, toxic effects and physical effects of metals associated with acidic 
inflows.  Other factors potentially contributing are clogging of gills and salinity stress.   
 
There is a history of both fish kills and acidic inflows to the Anglesea River estuary, which in 
both 2000 and 2010 have been clearly associated with the first substantial flows from the 
catchment following an extended dry period. 
 
Evidence for other potential factors suggests that they are unlikely to have been associated 
with the fish kill, but not all can be entirely ruled out as contributing to overall environmental 
stresses on fish. A summary of evidence for each factor is given below. 
2.1 LIKELY CAUSES 
 
Factor Evidence 
 
pH stress 
Waters in the estuary are regularly acidic but the effect on fish varies 
according to the strength of the acidity and the distribution of fresh and salt 
water in the estuary.  These interactions are discussed more fully in the next 
sections. 
 
Both pathology results and water monitoring at the time of the fish kill indicate 
that a slug of strongly acidic water flowed into the estuary from the Salt Creek 
sub-catchment in early September.  Pathology results on fish from the estuary 
(mullet, eels, bream) showed signs of gill and skin damage consistent with 
exposure to acidic water. 
 
 
Toxic 
effects 
 
Acid soil 
generated 
Toxic effects from metals, particularly aluminium are common in flows from 
acidic soils.  Aluminium becomes more toxic to fish as pH decreases (low pH 
indicates high acidity).  Flows from the Salt Creek subcatchment of the 
Anglesea River had concentrations of soil-derived aluminium many times the 
national guideline and were also higher than those measured during the 2000 
fishkill.  High levels of aluminium in fish tissues, particularly the gills, are 
supporting evidence for the likely influence of metal toxicity as a cause of 
death. 
 
Fish pathology and metals results from Department of Primary Industries; Water monitoring data from 
Alcoa of Australia, Barwon Water, Corangamite CMA (including EstuaryWatch) and EPA. 
 
  
2.2 POTENTIAL CONTRIBUTORS 
Factor Evidence 
 
Sediments/ 
Suffocation 
Water-borne sediments from soil erosion are not likely to have contributed to 
the fish kill as waters were clear at the time and had been relatively so for 
preceding months.  The formation of solid aluminium compounds (from 
previously dissolved aluminium) as the inflowing waters mixed with estuary 
waters is a possible contributor to fish deaths through clogging of gills of some 
species and individuals. This is supported to some extent by gill damage and 
aluminium concentrations observed in fish post-mortems. 
 
 
Salinity 
Stress 
In the months before the fish kill salinities in the estuary had become quite 
fresh, with salinities less than 5 psu in most of the estuary, except the deepest 
holes where salinities were around 15 psu at the start of the fish deaths 
(seawater =35psu).  While some of the species that died were freshwater 
associated (eg tupong, short-fin eel) others such as mullet and flounder may 
have been under some environmental stress due to low salinity prior to the 
flow from upstream.  The likelihood of this is reduced however by the 
presence of refuge areas of higher salinity. 
 
Water monitoring data from Alcoa of Australia and Corangamite CMA (including EstuaryWatch).  
Fish analyses by Department of Primary Industries. 
2.3 UNLIKELY CAUSES 
Factor Evidence 
 
Dissolved 
oxygen 
Although a common cause of fish kills in other Victorian estuaries, in the 
months preceding and the weeks following the fish kill dissolved oxygen 
concentrations were between 70 and 125 percent saturation and inflowing 
waters were clear. This indicates that a lack of dissolved oxygen from causes 
such as algal blooms or large inputs of organic matter is not a likely cause of 
the fish deaths. 
 
 
Disease 
Pathology results indicated normal levels of infection and parasitism.  It is 
unlikely that disease or parasites were responsible for the fish kill. 
 
 
Fishing 
discards 
Although discarded fish & bycatch are often reported as fish kills (~10% in 
NSW), the numbers of fish, diversity of species, geographical spread and 
prolonged nature of the fish kill at Anglesea make it unlikely that this was the 
case.  
 
Natural 
mass 
mortalities 
Natural mass mortalities generally occur in a single species at a time and 
only in species where this is part of their life history (eg post mass spawning 
events).  At least 9 different species died in the fish kill, strongly suggesting 
that the cause was not related to natural life history events of any species.  In 
addition, most species recorded dead do not have life cycles where this type 
of mass event is likely in an estuary. 
 
 
Temperature 
stress 
Measurements of temperature before and during the fish kill showed normal 
conditions of between 13 and 15 degrees.  Temperature stress is a very 
unlikely cause of the fish kill. 
 
 
Toxic effects 
 
Other 
sources 
Based on observations of water clarity and dissolved oxygen measurements 
it is unlikely that toxic effects from algal blooms or hydrogen sulphide 
releases were causes of the fish kill.  Although some scums were observed 
at the time, these were not substantial enough to indicate a widespread 
bloom. Monitoring at Alcoa and the lack of any observed or reported chemical 
(non-acid 
related) 
spills suggest that the fish kill was not related to any toxic effects from such 
sources.  
 
Fish pathology and metals results from Department of Primary Industries; Water monitoring data from 
Alcoa of Australia, Corangamite CMA (including EstuaryWatch), Deakin University and EPA.  
 
 
3 ACID AND METALS FROM THE ANGLESEA CATCHMENT 
 
3.1 SOURCES OF ACID 
There are three sources of acid flows to the Anglesea estuary, two from the catchment and 
one from around the estuary itself.  A fourth potential source, pumping of water from Alcoa’s 
open-cut coal mine is either used on site or is neutralised before release into the river.  In 
terms of the potential to generate acid, the largest source is sulphur-containing soils in the 
catchment, followed by both the peat marshes in and around the waterways of the 
catchment and the acid sulphate soils around the estuary itself.   
 
Two kinds of acid are likely to be generated in the catchment:  
• sulphuric acid, from sulphur containing geological features such as acid sulphate 
soils and coal seams; and 
• humic acids, generated from organic materials in peat swamps. 
Sulphuric acids are continuously generated through large areas of the catchment as well as 
in exposed coal seams and disturbed acid sulphate soils around the estuary (particularly 
Coogoorah Park). Sulphuric acid is created through the wetting and drying of sulphur-
containing minerals where sulphur is oxidised in a process that can be generalised as: 
 
Iron sulphide + Oxygen + Water  Iron hydroxide + Sulphuric acid + heat (energy) 
 
 
Figure 1. Map of Anglesea and Painkalac catchments showing major subcatchments (figure from Pope 
(2006)).) 
Breakfast Ck 
Humic acids are generated by decomposing vegetation and are commonly produced by 
areas of peat such as those in the valley swamps of the Anglesea and Distillery Creek 
catchment. 
 
A coarse comparison of acid-generating potential by Tim Tutt (Deakin University) indicated 
that the catchment excluding swamps had the potential to generate over 200 million tons of 
acid while swamps had a potential for around 4 million tons.  
 
Surface water measurements have been recorded at the bottoms of Salt and Marshy Creeks 
by Alcoa since the early 1970s.  Between 1999 and 2002 measurements were taken in both 
the Anglesea and Painkalac catchments as part of three Deakin University projects (reported 
in Pope 2006).  In the last two years Barwon Water has established a water monitoring 
network across the Anglesea catchment. 
 
Data from the above programs shows that almost all surface water pH measurements from 
the Marshy Ck, Salt Ck and Distillery Ck subcatchments of Anglesea and Painkalac have 
been acidic with the following exceptions: 
• times of low flow, when water pools and biological processes can reduce the acidity 
of the water; and  
• waters flowing from the upper Breakfast Ck subcatchment have typically been less 
acidic than those from other subcatchments 
Waters of the Painkalac Creek mainstem (1999-2002) had a pH range from 5-9, a large 
range but not indicative of substantial acid flows. 
 
As acids form and flow through the catchment metals, including aluminium and iron (the 
most common metals in the Earth’s crust), are dissolved from surrounding soils and rocks, 
coal seams and swamps.  This is because these metals, particularly aluminium are 
increasingly easily dissolved at a low pH. During drying cycles oxides of these metals are 
likely to form in a concentrated layer as waters evaporate. 
 
3.2 MOVEMENT OF ACID AND METALS 
Flows from both the Salt and Marshy Creek subcatchments are intermittent, often ceasing to 
flow in drier months.  The flow from Salt Creek is more intermittent than that from Marshy 
Creek. In dry periods there are often times when upper tributaries in the catchment flow but 
do not reach the downstream end of the subcatchments and subsequently dry out.  It is in 
these periods that acids are generated and metals mobilised but are not exported from the 
subcatchments.   
 
The movement of acids and metals through the system is varies considerably with rainfall. It 
is also dependent on local geology, shallow aquifers and the water content and holding 
capacity of the peat swamps.  In the low-rainfall period before the September 2010 fish kills 
water had been flowing from Marshy Creek during the wetter months of each year since at 
least 1999.  Prior to the fish kill Salt Creek had not flowed at the bottom of the catchment 
since a brief (2 month) flow at the end of 2007 which resulted in a minor fish kill.  Before that 
the previous recorded flow in Salt Creek was at the end of 2005. These flow patterns are 
also consistent with rain and flow patterns before the major fish kill in September 2000 as 
well as with the first time high concentrations of aluminium were recorded flowing into 
Anglesea estuary, between 1983 and 1985 (see Figure 2).  
 
 
 
Figure 2. Annual rainfall at Anglesea.  Red line is a 3 year average, overall average is 653mm.  Red arrows 
are times since 1979 when slugs of high aluminium have been recorded flowing from Salt Creek. 2010 
rainfall is up to end of October.  Figure modified from Pope (2006) with recent data from Alcoa of 
Australia. 
Consistent with the longer period with no outflows from the Salt Creek subcatchment, and 
possibly also due to differences in geology, the first substantial flow from the subcatchment 
contained high concentrations of aluminium (170mg/L) and zinc (2.7mg/L), shown in Figure 
3.  These concentrations were many times the trigger values in the ANZECC water quality 
standards.   
 
In monitoring since 2003, elevated concentrations of aluminium have been recorded in both 
Marshy (2007-9) and Salt (2004 & 2007) Creeks.  Unfortunately a lack of flow data before 
the Barwon Water monitoring program (apart from records of zero flow) means that there is 
no knowledge of the amount of acid or metals that were associated with these 
measurements nor is it possible to examine likely inputs to the estuary.  It is possible that 
such flows have become more common in the current dry period but further analyses would 
be required to examine this. 
 
 
 
Figure 3.  Flow in Salt Creek and aluminium concentrations in water at the time of the fish kill (data from 
Alcoa of Australia and Barwon Water). 
 
Pulses of flow from Salt Creek in the weeks following the first fish kill are consistent with 
reports of ‘waves’ of fish deaths during that time.  Subsequent sampling has shown a slow 
increase in pH and a decrease in aluminium concentration in both Salt Creek and the 
estuary. 
 
3.3 ACID FLOWS AND METAL INPUTS TO THE ESTUARY 
As mentioned above, almost all flow at the bottom end of the Anglesea catchment is acidic in 
terms of having a pH well below 7. The critical aspects of water quality that vary are the 
concentrations of dissolved metals and the buffering capacity (i.e. how much alkaline 
material is needed to neutralise the water – a different characteristic to pH).    
 
Before entering the estuary a third source of water joins the flow from the Marshy and Salt 
Creek catchments, overflow from the Alcoa power station ash ponds.  This water is slightly 
alkaline and can buffer acidic waters from upstream providing that the combination of river 
flow (low) and buffering capacity of stream waters (also low) are right.  As either flow or 
buffering capacity of upstream flows increase the relatively constant input from Alcoa is less 
able to neutralise the waters before they flow into the estuary.  At times of high flow, or when 
strongly acidic waters from ‘first flush’ events move downstream Alcoa inputs have little 
effect on levels of acid or metals entering the estuary. 
 
4 MECHANISMS OF FISH KILLS IN ANGLESEA RIVER 
ESTUARY 
 
The fate of acids and metals entering the estuary from upstream is complex and depends on 
condition of the entrance, salinity of estuary water (including any stratification of the water 
column) as well as the amount and composition of freshwater inflows.  In the year leading up 
to the recent fish kills low flows had led to a build-up of the sandbar such that no tidal 
influence had been recorded since at least May 2009.  The last record of substantial 
amounts of salt water (probably due to washovers) was in August 2009.  After that time 
freshwater inflows gradually freshened the estuary so that by the time of the fish kill only a 
few deep pockets of brackish water remained.  In this particular situation it is likely that the 
slug of water from Salt Creek mixed readily with the fresh (salinity 3-4) surface waters of the 
estuary.  It is likely that water already in the estuary had a relatively low buffering capacity 
and so did not neutralise catchment-derived acids as effectively as sea water would have.  In 
this aspect, the estuarine conditions differed substantially from a fish kill 10 years earlier. 
 
 
Figure 4.  An illustration of salinity distribution in the estuary similar to that in September 2010 (data from 
Pope 2006). 
 
During the fish kill of September 2000, when the estuary was relatively brackish with a half-
metre thick layer of freshwater over a deeper layer with salinities between 20 and 30.  The 
estuary then opened and became tidal following high flows around a month after the first 
flush from Salt Creek. Substantial buffering of acidic waters within the estuary occurred, 
leading to deposition of metal compound out of solution within the estuary. 
 
The effects of salinity structure is likely to have a strong effect on the distribution of areas 
that are toxic to fish within the estuary, both in terms of the acidity of the water and the 
concentrations of metals that fish experience.  Ecological effects of such differences are 
likely to be complex, combining with the volume and composition and duration of the acidic 
inflows and with biological factors such as differing mechanisms of toxicity of metals 
depending on pH and the form of the metal compounds that fish encounter. 
5 CONCLUSIONS 
The probable cause of the fish kills in Anglesea in September 2010 was a combination of pH 
stress, aluminium toxicity and suffocation through smothering of the gills by precipitated 
aluminium compounds.  Other factors may also have contributed, though likely to a lesser 
degree, these include salinity stress and toxic effects from other metals. 
 
The source of both the acidic water and the elevated concentrations of aluminium was 
primarily the Salt Creek sub-catchment, although there were minor contributions from the 
Marshy Creek sub-catchment and contributions from estuarine acid sulphate soils were also 
possible.  Salt Creek flowed substantially for the first time since 2007 immediately prior to 
the fish kill.  The slug of strongly acidic, metal-containing water that flowed down the creek is 
highly likely to have developed as a result of cycles of wetting and drying of sulphidic 
minerals throughout the catchment. 
 
At the time of the flow into Anglesea estuary, waters of the estuary were relatively fresh with 
a low buffering capacity and quickly became acidic.  While the salinity structure of the 
estuary at the time of a ‘first flush’ from Salt Creek is likely to affect the rate and location of 
neutralisation as well as the distribution of acid and metals, a similar fish kill in 2000 
suggests that overall effects of this in terms of fish mortality may be limited.  
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